Objectives-To examine the relation between cognitive dysfunction and pseudobulbar features in patients with amyotrophic lateral sclerosis (ALS). Methods-The performance of two patient groups, ALS with pseudobulbar palsy (n = 24) and ALS without pseudobulbar palsy (n = 28), was compared with 28 healthy age matched controls on an extensive neuropsychological battery. (7 Neurol Neurosurg Psychiatry 1997;62:464-472) 
random movement joystick test, and a computerised Tower of Hanoi test. Results-Tests of executive function showed a pronounced deficit on written verbal fluency in both ALS groups in comparison to controls, which tended to be more prominent in patients with ALS with pseudobulbar palsy. The random movement joystick test (a non-verbal test of intrinsic movement generation) showed an impairment in the generation of random sequences in patients with pseudobulbar palsy only. The computerised Tower of Hanoi showed a subtle planning impairment (shorter planning times) in all the patients with ALS compared with controls on trials requiring more complex solutions. In addition the pseudobulbar patients displayed shorter planning times on complex trials, and tended to solve these trials less accurately. There was also evidence of a deficit for all patients with ALS in comparison with controls on total errors and number of categories achieved on the Wisconsin card sorting test and a strong tendency towards an impairment on a task of selective attention and cognitive inhibition (negative primring). A word recognition memory deficit was showed across both ALS groups.
Conclusions-This study elicited cognitive deficits (involving predominantly executive processes, with some evidence of memory impairment) in patients with ALS and further strengthened the link between ALS and frontal lobe dysfunction, this being more prominent in patients with pseudobulbar palsy. However, cognitive impairments suggestive of extramotor cortical involvement were not exclusive to this subgroup. (7 Neurol Neurosurg Psychiatry 1997; 62:464-472) Keywords: amyotrophic lateral sclerosis; pseudobulbar palsy; neuropsychological impairment; executive dysfunction Amyotrophic lateral sclerosis (ALS), is characterised by degeneration of the corticospinal tract, brainstem, and spinal motor neurons. However, the selective vulnerability of motor neurons in patients with ALS is relative and in recent studies it has been evident that in nondemented patients with ALS abnormalities of extramotor areas (particularly frontal and temporal) are common."' In our PET activation studies,7 8 patients with ALS showed less activation of several prefrontal and limbic regions. These abnormalities were particularly evident in patients who were impaired on a task of written verbal fluency.78 1' Taken together with findings of selective cognitive impairments' 6 ALS may be seen as a multisystem disorder in which involvement of extramotor cortex is an integral feature.
The question arises as to whether abnormalities of cognitive function and prefrontal and limbic changes detected on functional brain imaging studies are indicators of a subgroup of patients with ALS. Indeed patients with only lower motor neuron involvement were less impaired on a range of frontal lobe and memory tests than those with upper motor neuron involvement' 2 and David and Gillham3 suggested that cognitive impairment was likely to be seen in patients with established disease and corticobulbar neuronal damage (pseudobulbar palsy).
The purpose of this investigation was to examine the profile of cognitive impairments in patients with ALS and to explore whether such deficits are related to the presence of pseudobulbar palsy. Patients with ALS were tested using a combination of experimental and standard tests of executive and memory function, previously found to be sensitive to ALS, as well as more experimental procedures of executive function, which provide measures of planning, intrinsic generation, and attention. The cognitive profiles of patients with exclusive to patients with ALS with pseudobulbar palsy.
Materials and methods

SUBJECTS
Patients with ALS Fifty two patients (37 male, 15 female) with ALS were recruited from the King's MND Care and Research Centre and tested between 1993 and 1995. All had clinical and electrophysiological evidence of combined upper and lower motor neuron involvement in at least one region. The patients were subdivided into those with pseudobulbar palsy (n = 24), and those without pseudobulbar palsy (n = 28). Pseudobulbar palsy was defined as clinical evidence of upper motor neuron involvement in musculature innervated by the pontine and medullary cranial motor nuclei, (hyperactive jaw and facial reflexes, a snout response, and spastic dysarthria). No patient had a history of cerebrovascular disease (including ischaemia), hypertension, or diabetes and none were taking psychoactive drugs. Neurological data were taken from the records of the patients' clinic visits nearest to the time of testing.
Healthy controls Twenty eight age matched healthy controls (16 men, 12 women) were also tested. They were recruited from a local education centre, or were friends or spouses of patients with ALS recruited through the local Motor Neurone Disease Association branch.
STATISTICAL DESIGN
A one way analysis of variance (ANOVA), with one between subjects group factor, was used to compare all three subject groups. Two specified independent contrasts were employed; a first comparing all patients with ALS with controls, and a second comparing the two patient groups. For the analysis of neuropsychological tests in which repeated measures were taken across conditions an ANOVA was conducted with one between subjects group factor comparing all three subject groups (with specified contrasts as above), using a repeated measures factor involving up to four variables. Correlational analyses were conducted using Spearman's rank order correlation on data which was not normally distributed. Significance was determined for p < 0-05, and precise values are given in the relevant tables.
NEUROPSYCHOLOGICAL ASSESSMENT
Standard and experimental procedures, focusing on executive and memory functions, were adapted for patients with a range of disabilities, including upper limb and speech impairments, but the diversity of fimctional disability found in patients with ALS prevented all of the neuropsychological tests from being conducted on all patients. Anxiety and depression were measured using the hospital anxiety and depression scale (HAD),"2 to exclude the possibility that abnormal cognitive profiles may be related to high levels of such emotional factors. The depression scale was currently modified for use with both patients and controls, with the removal of one statement "I feel as if I am slowed down". It was considered that responses to this statement falsely exaggerated the measure of depression, due to the severity of physical disability in some of the patients with ALS.
Intelligence
Intellectual ability was assessed using the national adult reading test-revised'3 (NART), to estimate premorbid full scale IQ and a short form of the WAIS-R, ' Executive functions Assessment of executive functions was conducted using various tests. Thurstone's written verbal fluency test'9 was used, in which subjects are required to write as many words as possible beginning with a given letter. A written (rather than spoken) verbal fluency task was employed to permit measurement of executive dysfunction in patients with severe bulbar involvement. The task was modified to control for speed of writing, and hence allow meaningful assessment of patients with upper limb and consequent writing disabilities. This was achieved by using a copy condition later during testing, after a rest from motor tasks, where the subject was timed as they copied the words they had written previously. This writing control condition enabled the calculation of a verbal fluency index (VFI), which provided an estimate of the average time taken to think of each word ((time allowed for testtime to copy words)/total number of words produced). The battery also included a computerised full version of the Wisconsin card sorting test20 which examines rule deduction and set shifting.
The random movement joystick task2' involves the generation of movements using a four way directional joystick. In the "free selection" experimental condition the subject was required to move the joystick in one of four directions (up, down, left, and right) on the presentation of a tone. In a slight variation on previous versions,2' the subject watched a computer monitor, on which there was a graphic representation of the four directions.
The subject was instructed to complete 50 moves with the joystick, and was told that the choice of direction should be random and sequences of movements had to be avoided. A second, "fixed" control condition involved moving the joystick on the presentation of a tone, but the direction of the movement was specified by the computer display. A compari- to move a disc to a position which was spatially distal from that specified in the goal arrangement, to finish in the minimum number of moves. These were termed complex trials, and contrasted with the remaining presentations, termed simple trials. Differences in speed of movement between subjects were controlled by using a motor control condition, in which the same arrangements were presented as in the problem solving condition, but the discs to be moved were specified by the computer (so removing the element of choice). A comparison of speed of response between the problem solving and motor control conditions provided a measure of planning time (time taken to compute the first move). A third, working memory condition, was also employed and consisted of the presentation of a sequence of moves of the discs which the subject was required to subsequently reproduce by pointing to the discs on the screen, in a manner similar to the other conditions. Lastly a computerised test of attention and inhibition was also administered which tested the presence of Stroop and negative priming effects. 24 The test procedure consisted of three conditions: control, Stroop, and negative priming. Throughout the test the subject was required to name the ink colour of the presented stimulus (either a row of Xs, or a colour name word) as quickly as possible, while ignoring the actual stimulus. In the control condition the stimulus consisted of a row of Xs. In the Stroop condition the stimulus consisted of a colour word which was unrelated to the target ink colour (for example, RED printed in blue ink). In the negative priming condition, the stimulus also consisted of a colour word; however, the (table 3) . The patients with ALS overall achieved fewer categories than the controls and made more errors, but there were no between group differences on trials taken to reach to first criterion or % preservative errors (in which the subject continues to use a previous and currently incorrect rule).
Random movement joystick task-Performance on this test is measured in terms of "randomness coefficients", which are expressed as an "information statistic" (i), for strings of one, two three, and four moves. 27 Table 3 shows the mean overall i values for each subject group (low coefficients reflect less random sequence generation). Analysis of the i values showed a trend towards a significant group effect and significantly poorer performance by the patients with ALS with pseudobulbar palsy in comparison with those without pseudobulbar palsy. By contrast the analysis of the decision times showed no significant differences between the three groups, despite a decrement in performance.
Computerised Tower of Hanoi-Performance was measured for complex and simple trials separately and analysis was conducted with one between subjects group factor and a repeated measures factor of difficulty level. The second was defined as the minimum number of moves (three, four, five, and six) needed to solve the problem. Planning time consisted of the time between presentation of the array and initial response (problem solv- 4 5 Difficulty level ing-motor control condition). The figure gives the mean planning times (and exact P values) for the three subject groups across levels represented for complex and simple trials. For subsequent analysis these data were transformed logarithmically. In the analysis of planning times for complex trials, the overall comparison of the three subject groups showed a significant group effect, a significant difference between the combined ALS patient group compared with controls, and a significant difference between the two patient groups. In addition there was also a significant effect of difficulty level (F = 8 15, df = 2,132, P < 0001). The figure shows that across the complex trials the patients with ALS with pseudobulbar palsy used less time planning before responding than did the two other subject groups. Analysis of the simple trials across the three subject groups was not significant although the patients with pseudobulbar palsy tended to have slightly faster planning times than patients with ALS without pseudobulbar palsy. In addition there was a significant effect of difficulty level (P = 0-016). The figure illustrates these findings.
Performance accuracy on the complex trials was measured by the number of trials solved (TS) in the minimum moves required. The analysis of the complex trials showed a trend in the comparison of all three subject groups, and a trend for the patients with ALS with pseudobulbar palsy to solve fewer trials than those without pseudobulbar palsy. Performance on the simple trials did not significantly differ between the three groups. Overall these results disclose that the patients with pseudobulbar palsy displayed shorter planning times on complex trials than controls, with a tendency to fail to solve these trials as effectively. In the working memory condition, analysis was conducted using one between subjects group factor and a repeated measures factor of difficulty level (four levels; two, three, four, and five moves). The ANOVA showed no difference between the three subject groups and there were no significant differences in the subsequent individual comparisons between the ALS patient groups and controls.
Stroop test and negative priming-( [28] [29] [30] [31] [32] In addition, functional imaging using verbal fluency activation paradigms have directly associated the processes involved in word generation, with increases in regional cerebral blood flow (rCBF) in the left dorsolateral prefrontal cortex (DLPFC; Brodmann area 46). 35 Using a verbal fluency PET activation paradigm, dysfunction of this region was seen in patients with ALS with corresponding verbal fluency deficits, in comparison with patients with ALS selected for good verbal fluency and without other cognitive impairment.
I
The finding of an impairment on the random movement joystick task in ALS, is consistent with our previous results.78 In the current study the patients with pseudobulbar palsy displayed evidence of an impairment in the production of random sequences when compared with patients without pseudobulbar palsy. Despite this performance decrement, the three groups were matched in terms of decision times (time taken to choose random direction). The task requires the internal generation of willed movement and is similar to verbal fluency in terms of processes of intrinsic generation, in which responses are not fully specified by the test.3334 The finding of a deficit on a non-verbal test of intrinsic generation is therefore also in accordance with a report of impairments in patients with ALS on a design fluency test.5 The random generation of movements using a joystick has been associated with bilateral activation of the DLPFC.2' Hence, impairments in such executive processes are suggestive of dysfunction of the DLPFC, occurring predominantly in patients with ALS with pseudobulbar palsy.
Performance on the computerised Tower of Hanoi test showed evidence of a subtle impairment in planning, in that the patients with pseudobulbar palsy displayed shorter planning times on complex trials. These trials require greater flexibility of initiation of response as the solution is less obvious. On these trials the patients with pseudobulbar palsy tended to plan less exhaustively and seemed to be more "impulsive", which may have resulted in a slight decrement in performance, as shown by the number of trials solved in the minimum number of moves. A single photon emission computed tomography (SPECT) investigation of the related computerised Tower of London test has shown correlations between increased rCBF in the left prefrontal cortex (including the DLPFC), longer planning times, and more efficient performance during the task. 36 The pattern of performance of the pseudobulbar palsy group would therefore again suggest some evidence of dysfunction of this region. The findings from this test also provided evidence of intact working memory function. This would suggest that the impairments on the above frontal lobe tests are more likely to reflect a dysfunction of other executive processes.
COGNITIVE IMPAIRMENTS IN THE COMBINED ALS PATIENT GROUP
Indications of cognitive performance deficits were also found in the combined ALS patient group, suggesting that some impairments were independent of pseudobulbar involvement. The ALS patient group as a whole was impaired in terms of the number of categories achieved on the Wisconsin card sorting test and the total number of errors made, in broad agreement with David and Gillham.3 Large DLPFC lesions have been associated with poor rule shifting. 37 No deficit was found on the Stroop task, consistent with the findings of previous investigations.58 However, in the negative priming condition patients with ALS showed a tendency towards faster reaction times than controls. The healthy controls showed increased response latency in comparison with the ALS group when naming a target which had previously been automatically inhibited.38 Such inhibitory mechanisms regulate the processes of selective attention.3940 Cortical regions suggested to be involved in the processes of response selection and selective attention include the medial prefrontal cortex and the anterior cingulate gyrus.3334"l43 These areas have also been shown to be implicated in patients with ALS with cognitive impairment. 8 Memory dysfunction in the patients with ALS was only found using the recognition memory test for words. This finding contradicts previous studies which have shown unimpaired performance using this measure,68 but memory deficits have been elicited using different tests.' 3In the present study no significant deficits were found on the Kendrick object learning test and paired associate learning test, by contrast with other studies3 8 The results of previous neuroimaging investigations,67 8 11 showing abnormalities of the frontal lobes, anterior cingulate, thalamus, and parahippocampal gyrus, are consistent with the pattern of cognitive impairment shown here. In addition, the present study suggests a possible relation between executive dysfunction and pseudobulbar palsy and is indicative of more prefrontal involvement (particularly of DLPFC) in this group. In our recent PET investigation, patients who displayed extended cortical involvement encompassing DLPFC with corresponding verbal fluency impairment tended to show a slightly higher incidence of pseudobulbar involvement."
The association between executive dysfunction and pseudobulbar palsy parallels reports of cases of ALS related dementia, in which pseudobulbar palsy is a common feature. Bulbar signs may be present in up to 85% of cases of dementia44 although these are often not distinguished from pseudobulbar symptomatology. The cognitive profile of patients with ALS with dementia is also characterised by behavioural and cognitive problems reflecting gross frontal lobe dysfunction.6 4 The relation between pseudobulbar palsy and frontal lobe function may then be common to both ALS related dementia and typical ALS, thus providing support for the existence of a range of extramotor cerebral involvement in ALS48 The relevance of examining subtypes of ALS in the manner undertaken here is highlighted by recent findings that possession of the apolipoprotein E (APOE) e4 allele is associated with bulbar onset ALS,49 as well as with earlier onset Alzheimer's disease and dementia in Parkinson's disease.50 Defining the characteristics of the phenotypic variations in ALS through cognitive and neuroimaging studies will ultimately help clarify the processes leading to cognitive deterioration in other neurodegenerative diseases. Prospective cognitive studies of patients with ALS with APOE e4 allele will throw light on the development of neuropsychological impairment in ALS which can be correlated with neuropsychological, neuroimaging, and ultimately postmortem studies. 
